Introduction
Many advanced materials, such as ceramics, electronic and magnetic materials, are produced through highly concentrated colloidal dispersions. Hence knowledge of the stability of colloidal particles in fluids is fundamentally important to control the performance of final products. The mechanism of coagulation between particles has been studied extensively, mainly in the field of colloid chemistry, and is clarified fairly well, whichever the coagulation is, ortho-kinetic or peri-kinetic [1] [2] [3] . On the other hand, the mechanism to disperse coagulated particles has been poorly understood. The term "dispersed" has been used in two different ways, as illustrated schematically in Fig. 1 . It is often used to imply that a suspension is stable such that particles do not coagulate even if they collide each other. This is essentially the problem of coagulation described above. The term is also used to describe to break up aggregates (floes) by external forces. This is a complicated problem because aggregates are possibly deflocculated in many different ways, as illustrated in Fig. 1 .
Since particles are essentially unstable in solutions, they are more or less aggregated when supplied in many industrial processes. These particles must be fully dispersed to make the best use of their functions, and so the breakup of aggregates has been a key tech- no logy. In general, aggregates are different each other in size, shape and strength, so that they deform and break up in different ways. Besides the breakup behavior depends also on the kind of field applied. Hence it is not easy to clarify the mechanism systematically. Nevertheless, because of the industrial importance, a large number of studies and efforts have been carried out to understand the breakup mechanism of aggregates experimentally and theoretically. The breakup process in flows is often estimated using the following population balance equation [4] [5] [6] [7] [8] . where np is the number concentration of particles, tis the time, C is the coagulation rate, B is the breakage rate, the subscript i stands for the i-fold particle, and superscripts b and d indicate the birth and death of aggregates, respectively. The breakage rate is usually determined such that the change of size distribution given by Eq. (1) fits experimental data. However, a few ambiguities exist in this procedure; (1) the breakage rate must be determined by subtracting the contribution of coagulation, but the coagulation rate itself is not known well when particles grow up to large aggregates of irregular shape, and (2) experiments are usually carried out in mixing vessels in which the detailed flow field is not known. It seems that more direct approach to the behavior of aggregates in flows is needed to understand fundamentally the mechanism of floc breakup, as well as the deformation and fragmentation, and to derive the breakage rate analytically.
We have been investigating the breakage of aggregates in various fields not only experimentally but also theoretically. In this review, we will overview the reliable information on floc breakage available at present, with priority given to our works. First we introduce theoretical backgrounds given by the trajectory analysis and our simulation model developed recently for the breakup in the shear and elongational flows, comparing the results with experiments reported so far. Secondly treatments for the turbulent breakage of aggregates are discussed. Thirdly experimental findings for the practically important breakage by the other fields are explained. Finally it is emphasized that the microscopic characterization of the adsorbed layer on the solid-liquid interface is important to evaluate the adhesive force between particles, which is directly related with the breakage of aggregates.
Breakage in Shear and Elongational Flows
The shear and elongational flows are the fundamental flows of which most complicated flows in real processes are composed. Hence the floc breakage in these flows is of fundamental importance.
As for a pair of equal spheres in slow flows, their hydrodynamic behavior is able to be evaluated rigorously by the trajectory analysis developed by Batchelor and Green [9] . This analysis was extended to evaluate the collision rate between unequal spheres by Adler [10, 11] , Higashitani et al. [12] and Wang [13] . Then the contribution of static interactions between particles was introduced by Sonntag and Russel [14, 15] for equal spheres and by Higashitani et al [12] for unequal spheres. This analysis was then employed to KONA No.18 (2000) know detailed features of doublet breakage in flows, which is briefly described below [16] .
As for large aggregates of arbitrary shape, the theoretical approach seems to be extremely difficult, because of the complexity of their size, shape, strength and deformation. Adler and Milles [ 17] succeeded to evaluate the critical size of aggregates in a linear shear flow, but aggregates there are considered to be porous spheres which are far from real aggregates. Doi and Chen [18] simulated the motion of coagulated particles using their sticky-sphere model. In this model the hydrodynamic drag force was assumed to act on all the constitutive particles of aggregates, even though particles are not necessarily exposed to the flow. Hence this model is applicable only to small aggregates in which almost all particles are exposed directly to the fluid. Higashitani and Iimura [19] proposed a two-dimensional modified discrete element method (m-DEM) to simulate the breakup of aggregates of arbitrary shape and size, where the drag force acts only on the particle surface exposed directly to the fluid and the force propagates to the inside particles by the mechanism of DEM. Recently this model was extended to the three-dimension, and the quantitative accuracy was improved by introducing not only the effective particle surface for the hydrodynamic drag force but also the disturbance of neighboring particles on the flow field [20] . The brief explanation of this model and the comparison with experiments will be given below.
Trajectory analysis for doublets
Doublets are the simplest aggregates. Simulation of their breakup will provide the fundamental understanding for the breakup mechanism of aggregates. Here a pair of particles 1 and 2 in a flow are considered, where their radii are a 1 and a 2 respectively and azla1 (=It)::::; 1. The center of the particle 1 is taken to be the origin of coordinates and the particle 2 is positioned at r(r, 8, cp) , as shown in Fig. 2 . The relative movement of the particle 2 is influenced by both the static and hydrodynamic interactions.
According to the DLVO theory [1, 2] , static potentials between particles in aqueous solutions are given explicitly by the following equations. The electrostatic repulsive potential VR between unequal spheres was derived by Hogg et at. [21] as follow. where E is the dielectric constant of medium, a1z= (a 1 +az)/2, R=lrl! a12, and lf/sl and lf/sz are the surface potentials of particles 1 and 2 respectively. The reciprocal thickness of the electrical double layer, K, given by (3) where n;on is the number concentration of ions, Z is the valency of ions, e is the elementary charge of electron, k is the Boltzmann constant and T is the temperature. The van der Waals attractive potential VA also acts between particles, when the two surfaces are close each other.
(1+,1,)2(R 2 -4) 2 J +ln (l+Jc)2R2-4(1-Jc)2 (4) where A is the Hamaker constant which depends only on the property of the particle and medium. Another strong repulsive potential, called the Born potential V 8 , acts between particles when the separation distance is less than a few A. This repulsion is attributable to the overlap of electron clouds of atoms on surfaces. There is no general expression for this potential, but it is usually given by the following equations.
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for R~2+8/alz for R>2+8/a12 (5) where 8 is the minimum separation which is conventionally taken to be 4A. Then the total potential VT is given by the sum of VR, VA and V 8 , and the corresponding total static force FT is given by
where nr is a unit vector defined by r!lrl.
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Modifying the trajectory equation for unequal spheres by the above-mentioned static interactions, the expression for their relative movement in the flow of strain rate E and vorticity w 0 is derived as follows. where I is the unit tensor, the coefficients A, g' and e are the dimensionless scalar functions only of R and A given elsewhere [10, 11] , and J.lt is the fluid viscosity. The rate of strain tensor E is given by (r+rT)/2, the angular velocity m 0 =(1/2)Vx(r·r). The velocity gradient tensor ris given by the following equations for the shear and elongational flows, respectively. (7), the trajectory equations for shear and elongational flows can be derived with the following non-dimensional parameters. (11) NF and NR indicate relative intensities of the flow field and electrostatic repulsive force against the attractive force between particles respectively, where y is either Ys or Ye· Solving Eq. (7) for doublets in a given flow which are initially coagulated at R=2+8/ a 12 and ¢= -rr., their relative trajectory can be determined.
It is found that trajectories in simple shear flows are able to be classified into three types as illustrated in Fig. 3 ; (a) the particle 2 rotates along a spherical orbit without detaching, (b) the particle 2 rotates along an oval-like orbit as a satellite, and (c) the particle 2 moves along an open trajectory to separate completely. This indicates that doublets belong to one of the following regions, depending on NF and NR: (a) the coagulation region, (b) the semi-dispersion region and (c) the dispersion region, as illustrated in Fig. 4 .
Since the boundary for NR is essentially insensitive to the strength of flow field as shown in the figure, only the boundary for NF is discussed below. x/a 12 It is clear that the boundary for the semi-dispersion region depends strongly on the initial angle 8 of doublets, that is Bj. This indicates that the breakup of doublets depends sensitively on their initial angle tilting from the shearing plane of B=rr./2. Since small disturbances always exist in real flows, particles in the semi-dispersed region will easily deviate from their orbit to an open trajectory. Hence it is plausible to assume that the boundary between coagulation and semi-dispersion regions is the practical boundary between the coagulation and dispersion. It is also clear that the boundary value of NF becomes the smallest when B=rr./2; doublets are most severely destroyed in the shearing plane. Hence doublets in this coagulation region can never be dispersed, while doublets outside the region may or may not be dispersed, depending on their initial conditions. In the case of uni-axial elongation flows, doublets will rotate A.
....... In the case of A.= 1 and Bi=rr./2, the boundary is able to be estimated also by an analytical equation derived by equating the adhesive force between particles with the maximum hydrodynamic dispersing force [22] . Since the trajectory analysis is rigorous, the stability of doublets must agree with experimental results, as far as conditions assumed are experimentally satisfied. The comparison between the prediction and experiments was made extensively for equal spheres by van de Ven [23] . Doublets are sometimes used to simulate the breakup of large aggregates, assuming that their behavior are represented by that of two spheres whose size may and may not be the same, because this makes an analytical treatment possible [24, 25] .
Breakage of large aggregates
Here a three-dimensional large aggregate of arbitrary shape composed of N spherical particles of radius a and density PP is considered. When the aggregate is placed in a flow, the hydrodynamic drag force and torque act on the outside particles exposed directly to the flow and are propagated into the inside particles through interactions between constituent particles. This will result in the deformation and breakup of the aggregate. In the present model, the total force and torque on each particle is evaluated at time t and then the trial displacement at t+M is estimated using the DEM. Repeating this procedure for all the constitutive particles, the kinetic behavior of the whole aggregate is simulated. The translational and rotational motions of a particle i in the aggregate are expressed by the following equations.
mz; (13) dwp;
where m ( = (4/3)7ta 3 pp) and I ( = (8/15)1ta 5 pp) are the mass and moment of inertia of particle respectively, up; and Wp; are the velocity and angular velocity of particle i, Fhi and Mh; are the hydrodynamic drag force and torque respectively, Fmij is the mutual inter- 30 action force imposed on the particle i by the particle j, nij=ri/Yij, rij= (x;-x 1 ), rii=lriil, and x; is the position vector of the center of particle i.
Because the flow field around aggregates is extremely complicated in general, it is almost impossible to evaluate the values of Fh; and Mh; rigorously. In conventional models, the drag force on the constituent particle is assumed to be given by the Stokes law for a single particle, neglecting the disturbance due to neighboring particles. This is called "free-draining approximation". In the present model, the drag force is assumed to act only on the particle surface exposed directly to the flow. This exposed area S;, illustrated schematically in Fig. 6 , is determined as follows. The surface of a particle is divided into 2592 sections such that the angle between the grid lines is Jt/36. Then a straight line is drawn to a corner of a given section from the particle center. If all the lines for four corners do not intersect with the surface of the other particles within the distance of 6a, the section is assumed to be exposed directly to the flow. Repeating this procedure for all the sections, the exposed area S; for particle i is determined, as illustrated as the dark sections in Fig. 6 . Supposing that a single particle of velocity up; and angular velocity Wp; is in an applied homogeneous flow of velocity u 0 and angular velocity w 0 , the fluid
Schematic drawing of the simulation model of an aggregate and the coordinate system. Dark sections on the particle i indicate sections which are regarded as exposed directly to the flow. Lines are drawn to 4 corners of each section from the particle center in order to determine whether the section is exposed to the fluid or not.
velocity u 1 (x) and the corresponding pressure field p(x) at an arbitrary position x around the particle is given by the following equation. [22, 26] u1
where r;=X-Xi, Yi=lril, fl is the VOrticity tensor given by (r-rT)/2. The velocity gradient tensor r of applied fields is given by Eqs. (8) and (9). The stress tensor -r for a Newtonian fluid around a particle is given by (17) Then the force and torque acting on the area 5 1 are calculated by the following equations respectively. where n is the unit vector normal to the surface.
It is known that the velocity field around a particle is influenced by the neighboring particles. This effect is taken into account, as follows. The local velocity around a particle in the particle bed of porosity Ev is given by Ev f(Ev)u 0 , where f(Ev) is a porosity function and Os;f(c.v) So 1. Hence we assume that the velocity u 0 in Eqs. (15) and (16) [27] .
The local porosity Ev around a particle is defined as the porosity for the spherical space between the inner radius a and the outer radius 2a.
The hydrodynamic force and torque given above will be propagated to inside particles through the inter-particle interactions. Two kinds of propagation mechanisms are considered. When particles are not contacting, they interact through the interaction forces given by the DLVO theory. Here only the van der Waals force for equal spheres given by Eq.(4) is considered for the sake of simplicity, although the electrostatic repulsive force given by Eq.(2) is able to be KONA No. 18 (2000) taken into account, if needed. On the other hand, when the particle surfaces contact or overlap each other because of the trial displacement by the DEM, a repulsive force acts because of their volume exclusion effect. The interaction due to the volume exclusion is calculated by the conventional method of DEM [28, 29] .
The quantitative validity of the present model was confirmed by comparing in Fig. 7 the dynamic shape factor 'Peal simulated by the present model with the experimental one 'Pexp for well-defined rectangular aggregates composed of chromium spherical particles in the quiescent silicon oil [30] . In the comparison, two other models are introduced; 1) Model I, the so-called free-draining model, in which the hydrodynamic drag force acts on each particle as if the neighboring particles are absent, 2) Model II, in which the hydrodynamic force act only on the particle surface exposed to the flow, 3) Model III, the present model. It is clear that the hydrodynamic drag is overestimated considerably in Model I. The overestimation becomes smaller in Model II, but still the coincidence between the simulation and the experiment is not satisfactory. Values simulated by the present Model III are in a good agreement with the experimental data.
Since the proposed model is found to be quantitative enough, the model is now applied to simulate the behavior of aggregates in flows. All the aggregates I~ IX employed are listed in Table 1 , which may be classified into two kinds in terms of fractal dimension; particle-cluster (pc) aggregate of rather compact structure whose value of fractal dimension Drr is 2.4, and cluster-cluster (cc) aggregate of rather loose structure whose value of Drr is 1. 7. 'f'exp [ -] Fig. 7
Comparison of the dynamic shape factor between simulation and experiment [30] . 8 shows a series of snapshots of the deformation and breakup of the pc-aggregate I composed of mono-dispersed particles in the shear flow of J.ltYs= 500 Pa. It is found that the aggregate is rotated, elongated into the flow direction, and then split into smaller fragments, but not eroded one by one to single particles from the aggregate surface as in the case of the breakup by ultrasonication [31] . This splitting breakup is consistent with the photographic observation given by van de Ven [23] , and also with the rupturing process of highly viscous droplets [32, 33] . Repeating the similar computation for shear flows of various intensities, the relation between the average number of particles in the final fragments <i> and the shear stress J.ltYs can be obtained. It is worth noting that a power-law relation holds between <i> and J.ltYs. as follows. [34] that the strength of aggregates does not vary with the size but with the fractal dimension. It is examined whether the fragmentation process of aggregates may follow any scaling law or not. It is plausible to assume that the final size of fragments is determined by the balance between the adhesive force between particles and the hydrodynamic drag on particles. The ratio of the magnitudes of these forces, NnA. is defined by the following equation.
All the data of <i> are plotted against NnA in Fig. 9 .
It is important to note that almost all data for the aggregates I-VIII fall around a single line illustrated by a solid line, although the data for the pc-aggregate IV of large minimum separation and for the cc-aggregate VII of loose structure tend to deviate from the line. This line is expressed by the following equation. This equation gives us a good tool to estimate the average size of floes which exist stably in the shear flow, as far as the inter-particle potential is expressed by Eq.(4). According to Eq. (12), doublets should be broken at NnA= 1, but Fig. 9 indicates that doublets exist even at NnA -10. This is because doublets which are not in the shearing plane can remain coagulated unless a higher shear field is applied. The present simulation must be compared with quantitative experiments in which effects by re-aggregation among broken fragments are carefully avoided. Sonntag and Russel carried out experiments of the breakage of aggregates with D 1 r=2.2 in the simple shear flow which are composed of mono-disperse latex particles of a=7.0x 10-Sm [14) . It is found that a power-law relation with c=2.11 x 10 4 and P=0.879 holds between <i> and f-lrYs· The comparison with Eq. (23) is made by the dashed line in Fig. 9 . We consider that the agreement between the simulation and experiments are satisfactory, because the slope is nearly the same, that is, aggregates are fragmented in the similar fashion. As for the absolute magnitude of <i>, the experimental value is greater. Sonntag and Russel estimated that o is 2.58 nm, using their model. This value is much larger than the minimum surface separation widely employed, that is, 0.4 nm. But, if o=0.65nm is assumed, their data are expressed by the thin chain line drawn in the figure and coincide extremely well with Eq. (23) . We consider this value of o is much more reasonable.
The most popular experimental approach for the KONA No. 18 (2000) aggregate breakage is to correlate the maximum diameter of aggregates dmax with the dissipation energy of flow £dis. as follows. (24) where n is a constant. It is reported that n=O.l and n=0.25 for shear flows [35, 36) . The effect of reaggregation of broken fragments is negligible in Eq. (24), because the maximum size is determined solely by the balance between the aggregate strength and the hydrodynamic dispersing force. On the other hand, the average diameter of aggregate <d> will be influenced by the initial size distribution and the reaggregation. Hence the data of <d> must be carefully used in comparison. However data of <d> are often expressed in the same fashion as Eq. (24), and the value of n is reported to be 0.18-0.25 in the shear flow [37) . In spite of this ambiguity, it is interesting to compare the present prediction with the experimental value. Since <d> oc <i> 113 , Eq. (23) Table 1 . We can not find any quantitative data to compare. This is probably because the experiment for purely elongational flows is difficult. As for qualitative observation, the breakage process was observed using a four-roller device [38) . It was found that aggregates of irregular shape are split into a few fragments followed by erosion of much smaller fines, but spherical aggregates tend to be broken by erosion. The present simulation indicates that aggregates are broken by splitting, but not by erosion, which is essentially consistent with the above-mentioned observation for aggregates of irregular shape.
It is important to know which flow is more adequate to break up aggregates, shear or elongational flows. Values of <i> for the aggregate I are plotted against the dissipation energy £dis in Fig. 10 under the flow conditions which appear in usual industrial processes. The value of <i> for the elongational flow is always smaller than that by the shear flow in this range. This indicates that the elongational flow is more effective and preferable to disperse coagulated particles. This result is consistent with the prediction by the trajectory analysis in Fig. 5 and the observation by Kao and Mason [39) who claimed that the elongational flow is more effective for floc breakup, because the t:lnergy of flow is consumed to break up the aggregates but not to rotate them.
Breakage in Turbulent Flows
As for the breakage in turbulent flows, various analytical attempts have been carried out to estimate the size of broken fragments [36, [40] [41] [42] . The maximum stable size dmax is usually correlated with the energy dissipation of fluid Edis as follows, by equating the aggregate strength with the turbulent dispersing force. (25) where analytical expressions of K and n depend on the models and assumptions employed for the aggregate strength, the hydrodynamic force on aggregates in turbulence, and the breakage mechanism. The breakage mechanism is considered to depend on the relative size of aggregates to the Kolmogoroff microscale of turbulent eddies, A,; aggregates are broken predominantly by the shear stress in the eddy at dmax <A,, while they are broken by the fluctuation of pressure or tensile stress at dmax >A,. Despite of the analytical derivation, the value of n varies greatly, that is, n=0.25-1.0. However, the value of n=0.33-0.55 reported by Tambo and Watanabe [40] and Muhle [36] seems to be the most reliable. A large number of experiments have been performed and it is found that the power-law relation given by Eq.(25) holds. It is reported that n=0.15-0.75, but more often n=0.2-0.4 [36, [40] [41] [42] [43] [44] [45] . Since experiments are usually carried out in mixing vessels, the turbulent flow is not as uniform as assumed in the 34 derivation of Eq. (25) . Nevertheless, a relatively good coincidence has been obtained.
Breakage by Other Fields
In practical devices to break up aggregates, very complicated fields are employed to achieve a high performance. However, important fields popularly employed may be classified into (i) the contractile flow, (ii) the rotary disk flow generated by a rotational disk and a stationary outer cylinder, and (iii) the ultrasonic field. In this section, characteristics of floc breakage by these fields are discussed and compared each other.
Breakage by orifice contractile flow
The orifice contractile flow is a converging flow into a small hole of an orifice. The fluid is contracted, accelerating abruptly just before the orifice. The flow along the centerline may be regarded as an elongational flow and the flow near the wall inside the orifice is regarded as a high shear flow. According to our experiments in which effects of re-aggregation are carefully avoided, the following features are clarified [ 46, 4 7] . (i) Most aggregates are broken in the acceleration region before the orifice and the contribution of high shear and elongational flows within and after the orifice is negligibly small. (ii) The number of constituent particles in the maximum fragment imax can be correlated with the energy dissipation of the orifice flow, Edis. independently of the orifice size and the size of constitutive particles in aggregates, as follows.
According to the experiments by Sonntag and Russel [15] , <i>-Q-
1
, where Q is the flow rate. In the contractile flow, Edis-Q 3 , so that <i> is expressed as follows.
Apparently further accumulation of experimental data and the detailed study by simulation are necessary to understand the breakage by the contractile flow fundamentally.
Breakage by rotary disk flow
The rotary disk flow is the flow generated by a rotary disk in a stationary cylinder, which is fundamental for commercial dispersers with rotary blades. Aggregates flow helically along the cylinder with the rotational motion by the rotor, and pass through a high shear field in a small gap between the rotor and cylinder wall, that is, the flow is a complex flow composed of rotational, contractile and shear flows. It was found that there are two kinds of breakup mechanism [48] ; (i) aggregates are broken by contractile and rotational flows at the upstream before the rotary disk, but not by the high shear flow within the gap, and (ii) aggregates are broken mainly by the shearing flow in the gap. The former mechanism is predominant when the gap between the rotor and cylinder Ogap is sufficiently small, say Ogap < 2 mm, while the latter becomes important when the gap is widely open.
In many commercial devices the gap is taken to be sufficiently small to achieve a high shear flow. The above results indicate that aggregates are broken sufficiently at the upstream by the contractile flow, before they receive a high shear in the gap, so that the thin disk is good enough to achieve a sufficient breakage.
Breakage by ultrasonic field
Ultrasonic dispersers are widely used, but there are very few systematic investigations on the floc breakage by ultrasonication. Fig. 11 shows the dependence of imax of latex aggregates in a 1M KCl solution on the frequency, the power of sonic generator W 5 , the radiation time tr and the volume of suspensions V 1 , respectively [31] . It is found that all the data are expressed by single curves independently of various experimental conditions. This indicates that the degree of ultrasonic breakage is solely determined by the total sonic 
Ultrasonication is strong enough to break up aggregates into single particles if sufficient energy is applied, but great care must be taken to the fact that sonic vibration contributes not only to the breakage of aggregates but also their coagulation.
Comparison of breakage by flow and ultra-
sonic fields The comparison of size distribution of broken fragments indicates that size distributions given by contractile and rotary-disk flows are similar each other, but they differ from that given by ultrasonication. Fractions of single constituent particles and large fragments are much higher in the sonic breakage than in the breakage by fluid flows. This indicates that splitting into smaller fragments is predominant in the case of flow-induced breakage, while single particles are primarily ripped off one by one from the surface of aggregate in the case of sonic breakage, as illustrated schematically in Fig. 12 . This difference in breakup mechanism suggests that the flow-induced breakage with the subsequent sonic breakage will be an effective procedure to break up large aggregates. 
Adhesive Force between Particles in Solutions
Finally we discuss about the adhesive force between surfaces in solutions, because the adhesive force is directly related with the breakage of aggregates. The adhesive force between particles is usually assumed to be given by the van der Waals force, without checking the adequacy. It is known that two or three layers of water molecules, ions and hydrated ions are adsorbed on the solid-liquid interface [2] . Recent measurements of adhesive forces between a plate and a particle with an atomic force microscope (AFM) indicate that the strength of adhesive force depends greatly on the microstructure of the adsorbed layer, even in such a simple solution like electrolyte solution. The characteristics are summarized as follows, and the details are given elsewhere [49, 50] Fig. 13 . This is explained as follows. Since highly hydrated cations like Li• form a thick but weak adsorbed layer, surfaces can contact directly to have a strong adhesion by destroying the adsorbed layer. On the other hand, because poorly hydrated cations like Cs• form a thin but strong adsorbed layer, the gap between surfaces at contact reduces the strength of adhesive force greatly. The mechanism is schematically drawn in Fig. 14. 
Concluding Remarks
In this review, fundamental aspects on the breakage of aggregates in fluids are discussed from theoretical and experimental points of view, using theories and data available at present. Because of the industrial importance of dispersion and separation technologies, a large number of studies on the floc breakage have been carried out in various fields, but the coincidence between data, as well as between data and theories, is not satisfactory and the fundamental mech_a-nism is still poorly understood, especially in turbulent breakage. This is not only because the behavior of aggregates is complicated, depending on many factors, such as their size, shape, strength and the field applied, but also because experiments have been car- ried out using all kinds of different experimental systems so that the data are hardly compared each other. It seems that the floc breakage is too complicated to analyze using conventional macroscopic approaches. In order to gain more detailed information, rigorous computer simulations of aggregates in flows are deadly required. Because of recent rapid advancement of computer ability and computation method, we can expect that the hydrodynamically rigorous simulation will be possible for aggregates of arbitrary shape in the near future. At the same time, the data on the structure and strength of aggregates must be accumulated systematically to understand their characteristics from the microscopic point of view. z : valency of ion [-] c : coefficient of power-law relation in Eq. (21) [-] Dtr : fractal dimension of aggregates : stress tensor [-] NR : dimensionless intensity of electrostatic e : parameter of spherical coordinate [-] repulsive force [-] ei : initial angle e of doublets [-] n : power of power-law relation in Eq. (24) [-] PP : density of particles [-] n, nn nii : unit vector [-] '¥cal : simulated dynamic shape factor [-] p : power of power-law relation in Eq. (21) [-]
'¥exp : experimental dynamic shape factor [-] 
